
NASA-CR-175365 
19840009452 

A Reproduced Copy 
OF 

e t~ 

Reproduced for NASA 

by the 

NASA Scientific and Technical Information Facility 

FFNo 672 Aug 65 

lrBRAr~Y COpy 

LANGLEY RESEARCH CENTER 
LIBRARY, NASA 

H,I\MPTON. VIRGINIA 



-.\! 

I'. 

-2'-' 

'. 
';,. 
-,.' 

r· 

, 
.l 

1 
I 
1 
I , 
l 
1 , , 

, 
1 
! 
.l 

,-

• 

• 

•• 

SDU-ANNUAL S'rATUS REPORT 

(Period Covered: August 1, 1983 - January 31, 1984) 

A CO!'IPREHENSIVE MODEL TO DETER."IWE THE 
EFFECTS or TO'.PEM'i'URE ANn SPECIES 

fLUCWATIO!lS ON RU,CTIm; RAtts HI 
TURBUU:trr REACTWG FLOWS. 

1". Magnotti, G. Disk.in, .1. Matulaitis, and W. Chinitzh 

• ;,'ork sUpported under Grant Uo. NAGl _ IB, 
l<oltiorlal Aeronautics ilnd SpaCI;! Administn'ticn. 

Langley Research Center, High-Speed Ac-rcdynal':'ics Di\'i:'>ion~ 
Hypersonic Propulsion Dranch 
Ha..."':lpton. Vl, 23665 

Principal Investigator 

---

(N~~A-Ck-175j6~) A cunpkLlt~SIV~ ~CuIl Ie 
vnLh~lii.E. TdE Edlt';.:.> u! 'It.,~f fH.TUllt. ;'uL; 
!.Pl:.crr.:!> ,rLUt.:·~Ui.11C"!j C:j j,.l:ftL1Il,:i HA'1i:..3 II. 
7UaU~L~br l\~'~iLLh tLL~~ S~~ld~lIUdl St~tu~ 

lH,l'I- t ]~2J 

.l
HJ

l>uct, I lIuy. hbJ - J I J"/I. IStliJ ,CCC}t.L GJ/J4 Ur''':.!,1!i 
00:.; 74 



.. 

" 

" 

\~f! 
.::~ 

/;i ," -\ 

":i' 
~ 

1 
"I 

-:!. 
1, 

.') 
J" 
i,;:', , 
'{. 

; 
,"j 

" 

" ... 
,~ 

,1 
{~ 

!r-;: 
:; 
'It 

~,!' 
, ~ .. : 
~ 
,~ 

'.~; 
,.~ 

'l 
J 

"I 
1 
" . j , , 

j 
1 

, ·1 
j 

I ,,' 

J 

1 
:.<J 
'~ 
,< 
'./ 
, ~ 

.~ 
" .. "10 

~ 

i 
;! . 

-~~ 
·f 
~ 

" 

" 

" 

• 

:j .. 
" 

'~ ::. 

Is 

.. 
I. INTRODUCTION 

A number of new tasks undertaken during the semi

annual reporting period are discussed (Sections 2 nnd 3). 

A final report on the H2-kinetics modeling work is 

contained herein as Section 4. Our continuing work 

dealing with turbulent reaction rate modeling is in 

Section 5. An addition to these items, two publications 

are in preparation: 

1. Chinitz, W. and Evans, J. S., "A Model for 

Reaction Rates in Turbulent Reacting Flows", NASA Tech . 

Memorandum. 

2. Chinitz, W., "Models for Calculating Reaction 

Rates in Turbulent Reacting Flows", pape: to be presented 

at the 1984 JANNAF Propulsion Meeting, Feb. 7-9, 1984, 

New Orleans, LA. 

1. 
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2. ALTERNATIVE SILANE COHBUSTION MECHANISM 

The use of silane tSiH4) as an effective ignitor and 

flame stabilizing pilot fuel has been well documented (e.g. ref. 1) • 

In order to better understand its behavior at the conditions en-

countered in the combustor of a SC~~ET engine, and to be able 

to predict its behavior at conditions which cannot be readily 

achieved in the laboratory, a reliable chemical kinetic mechanism 

must be developed. The first attempt at the formulation of such 

a mechanism for SiH4 is in ref. 1. It was shown subsequently 

{ref. 2), however, that the mechanism in ref. 1 yields predicted 

ignition delay times which are about five times longer than those 

experimentally obtained in a shock tube. 

As a consequence, an alternative mechanism was developed 

in ref. 3 so as to obtain agreement with the eh~erimental shock 

tube data. The mechanism in ref. 3 postulates that silane pyrol-

ysis 

along with its direct oxidation 

are the initiating reactions. An examination of the magnitudes 

of the rate constants recornmended in ref. 3 indicates that 

reaction (i), along with the extremely rapid subsequent oxidation 

SiH2 + 02 ~ HSiO + OH, (iii ) 

are principally reoponsible for the disappearance of silane at 

SCRA.'1JET engine cpcration conditions. 

2. 

t ,~ 
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An alternative mechaninm has been developed wherein the 

reaction 

5iH4 + 02 * 5iH20 + H20 (i v) 

along with the hydrogen atolll abstraction reaction 

5iH4 + M * 5iH3 + H (v) 

are the principal initiating reactions. Reaction (iv) is 

likely to be semi-global in nature, similar to the semi-global 

reactions in the methane mechanism in ref. 4. The complete 

silane oxidation mechanism postulated is in Table I. Complete 

details of its formulation will be presented in a forthcoming 

NASA Contractors Report. In this status report, we focus upon 

the results obtained using this nlechanism. 

A comparison between the shock tube data and the theoreti-

cal ignition delay times calculated using the proposec mechanism 

is in figs. land 2. Generally, excellent agreement is obtained 

over the range of experimental conditions. A com~arison between 

this mechanism and that in ref. 3 obtained for a number of 

5iH4/H2 mixtures at one atmosphere, equivalence ratios of 1.0 

and 0.5, in the temperature range from BOOK to l250K, is in figs. 

3 and 4. For mos~ of the conditions examined, the proposed 

mechanism predicts sub~tantially lower ignition delays. Only for 

the 2% SiH4 mixture at initial temperatures exceeding about 930K 

does the mechanism in ref. 3 predict shorter ignition delays. 

The predicted effect of equivalence r~tio on ignition delay 

time is in fig. 5. As can be seen, in the range O. 5 ~ ¢ ~ 10.0, 

increasing ¢ results in reduced ignition delays. This may parti-

ally explain the empirically-observed pyrof~ricity of silane at 

one atmosphere, room temperature conditions since, under the 

circumstances in which this phenomenon has been observed, highly 

3 



fuel-rich regions are certain to exist. The effect of decreas-

ing the pressure to 0.5 atm i5 ohown in fig. G. As would be 

anticipated from prior chemical kinetics studies, decreasing the 

pressure results in increased delay times for SiH4/H2 mixtures 

down to 2% silane. 

Perfectly stirred reactor calculations were carried out to 

assess the flame-stabilizing behavior of silane. In fig. 7, 

blowout limit correlations are shown for pure silane at 1.0 atm, 

GOOK initial temperature using the proposed mechanism and that 

in ref. 3. As can be seen, the mechanism in Table I predicts 3 

reduced stable flame region when compared with that in ref. 3. 

Both, however, exhibit the same general shape, with (m!V)max 

occurring at about ~ = 2.5, rather than at the anticipated value 

of ~ = 1. O. The reasons for this behavior, and "lhether or not 

it is in fact real, remain a matter of speculation. Experimental 

PSR studies would be required to help settle these matters. 

computed blowout limit correlations using the mechanism in 

Table I are shown in figs. 8-10 for 1.0 atm, To = 300K, GOOK and 

1200K, respectively, for 100% SiH4 ,20% SiH4/80% H2 and 100% Jf2 • 

The figures make clear that the principal benefits to be derived 

from using silane for purposes of flame stabilization are derived 

using larger silane concentrations in regions of high equivalence 

ratio. In low ¢ regions, pure hydrogen produces a larger stable 

flame region. Also of interest is the unusual "reversal" behavior 

at To C l200K in which, for the 20~ SiH4!80~ HZ mixture, for 

example, above ~ = 1.0, increasing equivalence ratio permits 

higher values of m/V. Similar behavior is observed for 100% 

1-
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SiH4 down to ~ = 0.5. The reality of this behavior must also 

await experimental PSR reou1to. 

The reoults in figs 8-10 are shown once again in figs. 

11-13 as ~ versus residence time. The effect of pressure on 

blowout limit behavior iB shotm in figs. 14 and 15. Ao expected, 

reducing the pressure tends to reduce the stahle flame region • 

Consideration of computer run times and storage limitations 

require the development of a global oilane oxidation model. 

Such a model has been formulated for the mechanism in Table I. 

The model consists of the three reactions: 

2 SiH4 + O2 = 2 HSiO + 3H2 (vi) 

2 HSiO + 02 = 2 Si02 + H2 (vii) 

with the rate coefficients given by 

(0.95234 4> + 4.4762 - 4.4286) 
kf,vi = 2 . 

pS.644 
e- 19350/RT 

k f ,vii = 5.0 x 1010 T2 • BO e-l400U/RT 

(2.3829¢ + 76.190 - 3.5714) 
IP 

kf,viii = --------p·l-.T4rl~5------------- • 106 ( X 
20 

T3.29 e-1G500/RT 

(viii) 

15 T2 •3O 
10 • 

0.574 
• 

The minimum ranges of validity of the above model are 

0.5 < p < 1.0 atrn 

0.5 < $ < 4.0 

s 
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BOOK < 

T < l250K 
0-

T < 3000K 

Typical results obtained using the global model are compared 

with results using the cornpelte mechanism in Table I in figs. 

16-20. Generally, the global model tends to replicate the igni

tion phase extremely well. On the other hand, the final approach 

to equilibrium is either too rapid (figs 16 - 18,20) or too slow 

(fig. 19). However, previous work on global modeling (eg, ref. 5) 

clearly indicates the primary importance of proper replication of 

ignition behavior, in which case the model proposed above should 

yielJ good-to-excellent results when used in computer codes 

which model complex flows. 

The forthcoming Contractors Report, mentioned earlier, will 

present additional results obtained using tile mechanism in Table I, 

including estimates of reaction times, as well as ignition delay 

times • 
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3. EFFECTS OF HYDROGEN ADDITION ON HYDROCArJ30N IGNITION 
AND FLAME STADrr~IZATION 

Current interest in the use of hydrocarbon fuels in 

SCRAMJET engines requires that methods be Bought for reducing 

the well-documented lengthy ignition delays anu reaction tirr~s 

of hydrocarbon fuels. Two possible approaches to reducing 

these times arc: (1) injecting (relatively} small quantities 

of hydrogen along with the hydrocarbon fuel with the hope that 

ignition delay times will be more like those for H2 than for 

the CxHy; and (2) regeneratively heating the hydrocarbon prior 

to its injection into the combustion chamber so as to pyrolyze 

(thermally crack) it, with the expectation that substantial 

quantities of hydrogen will be among the pyrolysis products., 

Studies are underway to investigate both possibilities. Some 

preliminary results are presented here, with additional results 

to be reported upon in a future status report. 

Ignition delay times are shown in fig. 1. Calculations 

have been carried out selecting propane (C3Ha) as the represen

tative hydrocarbon fuel using the chemical kinetic mechanism 

for propane in ref. 1. To date, runs have been made using 

H2/C3HO fuel mixtures up to .)3% (by volume) H2 . As can be 

seen in fig. 1, at 1.0 atm, ¢ = 1.0, the reduction in ignition 

delay time compared with that for pure C3Ha is slight. For 

example, at To = 1000h, tID = 0.05 sec for C3HS and about 

0.025 sec for tile 33% H2/67% C3HS mixture. On the other hand, 

-4 tID ~ 10 sec for pure H2 at To = lODOR (ref. 2). It is 

recognized, however, that 33% II2 in the fuel mixture represents 

l~~~;:;,:r~~~,,"-"r"'"1W.'l:1::.~t:::.T'.,Qtl";:O'~~"'~=.""'>:'~~~;"';"';"'~:"" H''''~ 
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very little hydrogen by mass. As an exemple, the mass equiva

lent of the 20\ SiH4/BO\ mixture aG applied here would result 

in a fuel mixture of 98.BB% "2/1.12% C3"a by volume. Clearly, 
1 

~~en, calculation9 must be carried out for fuel mixtures sub-

stantiully in excess of 33\ "2 (by volume). A similarly wide 

range of "2/CXHy ratios was utilized in the experiments of 

Cookson (ref. 3), shown schematically in fig. 2. "is tests, the 

results of which are in fig. 3, would span the range from about 

3% n2 to nearly 96% "2 (by volume) had his "main" fuel been 

C3Ha rather than kerosene. It is interesting to note that using 

mode A (see fig. 2), ignition could be achieved at reasonable 

kerosene injection pressure ratios using relatively small quanti-

ties of "2 (about 3% to 33% by volume), whereas mode B required 

much more substantial quantities of "2 (33% - 96% by volume). 

Blowout limit correlations obtained using the PSR code 

are shoh~ in figs •. 4 - 7. Fig. 4 duplicates the conditions of 

Longwell ana Weiss (ref. 4) and, as can be seen, the calculated 

curve compares well with the experimental one, thereby increasing 

conf idence in the chemical kinetic rr.echanism in ref. 1. In figs. 

5 and 6, for C3Ha/H2 mixtures, little improvement is noted in 

the flame stabilizing properties of these mixtures over pure 

eJHa up to 20% H2 • A similar conclusion holds for CH4/H2 mixtures, 

as seen in fig. 7. Additional results will be obtained for 

cxHy/H2 mixtures having higher concentrations of hydrogen. 

An investigaticn has been made of the likely equilibrium 

productn resulting from propane pyrolysis. The pyrolysis reaction 

wan assumed to be (in accordance with ref. 5) 

30 
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In this case, the equilibrium concentration of H2 in the ranges 

BOOK ~ T ~ l200K, O.s ~ P ~ 1.0 atm is calculated to be about 

40% by volume (see fig. 8). It io also of interest to note that 

• in these ranges, the remaining 60% by volume is almost entirely 

C2H4 (see fig. 9). Streamtube and PSR calculations with these 

concentrations as input to assess ignition and reaction times 

and flame stabilization behavior are planned. 
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4. INVESTIGATION OF TilE RANGES OF APPLICABILITY OF CHEMICAL 
KINETIC MODELS OF HYDROGEU-AIR COMBUSTION 

This section is an upgraded and refined version of 

Section 4 in our previous Semi-Annual Status Report and 

represents a final report on this oubjcct. 

41 



4.1. Introduction 

4.1.1 Motivation for the Present Study 

The study of hydrogen-f"eled DupcrGonic combustion 

ramjets (scraQjets) has been a mnjor part of the research 

programs of the Hypersonic Propuloion Branch at the Langley 

Research Center. ScrarnjetB take advantage of high flignt Macn 

numbers ~greater than S) to achievc propulsion efficiencies 

greater than that of ramjet engincs. t propulRion efficiency 

is a measure of the thrust energy out divided by the comoustion 

energy in. Due to the grcat flight speeds of scramJets (Mach 

numbers range from 4 to 7), there are time constraints for 

combustion within a combustor of re~sonablc size. 

As a result of these time constraints, minimal ignltlon 

delay times are desirable. Figure 1 shows a plot of the log of 

the ignition time versus initial temperature for various fuels. 

Hydrogen fuel has a very low ignition delay time relatlve to 

hydrocarbon fuels. It is this low ignition delay time WhlCh 

makes hydrogen a valuable fuel for scramjets. It beco~es a 

nec~ssity, thereforc, to study in detail hydrogen-air 

combustion. 

Most studies, thus far, h~ve been experimental 

investigations. This dependenco on empiric~l results is d~e to 

the complexi ty of the flow around fuel injectors with 

three-dimensional geometries, which Qrc not easily treatea 

analytically. Numerical solutions h~ve gcnernJly been 

- 43 -
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restricted to two- or three-dimensional parnbolic flow with 

oversimplified chemistry models of the H2-a1r system. These 

numerical oolution schemes are applicable only in the parabolic 

flow region well downstream of the disturbance 

To 
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FIGURE 1 IGl\I'ilOI\ LJELAY 'oll;·.? VS. 

IN n IJ.. L 7Ef·.r ~:V. 'I:lRE 

caused by the transverse fuel inj~ction used by scramJet 

combustors in order to achie"e rapid mixing and reaction. A 

priori knowledge of the extent of fuel mixing, ignition, and 

reaction is required to initiate calculations. 

In spite of the difficulty in obtaining quantitative 

information, a sufficient data base has been established to 

define a scramjet engine concept and to permit fabrication of 

Gubscale engine models with integrated inlet., combustor, and 

nozzle components. The current ecrarnjet ie dC5igncO to operate 
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at stagnation tempar~tureG betveen 900·K and 2200·K2 

which correspond to Q flight Mach number range from 4 to 

7. In ground tests of subscalc engine models3 , however, 

problems were encountered in obtaining ignition and 

Bustaining reaction at test conditions where ignition ana 

sustained reaction were expected. 

The need to better understand the chemical mechanism 

of the ignition and reaction of H2-air mixtures at 

conditions typical of a scramjet combustor has lea to many 

analytical studies. Most of the analytical studIes at the 

Langley Research Center, as well as this present stuay, 

use a computer program (references 4 and 5) to solve 

flowing, chemical-kinetic, isobaric, stream-tube proOlems 

involving many chemical species. It is known that the 

computational time requirements for any computer program 

employing detailed chemical kinetics is proportional to 

the number of species and reactions being tre~ted. It is 

the purpose of this effort to de\"elop a method which 

reduces these numbers in the study of H2-air combustlon 

and at the same tim~ preserve the correct physical

chemical behavior. The result of this work will be to 

reduce computer time and computer storage requirements. 

Methods for reducing computational times are presented in 

section two of this work. 

- 4S -
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4.2. Methods to Reduce Computational Times 

The method proposed in this uork to reduce 

computer run times is an extension and refinement of 

the· method proposed by Chiritz in reference 9. This 

method involves the tracking of a -trigger- specles 

which is used to determine whether the flow is in an 

-ignition- mode or in a -combustion" mode. Ignitlon 

and combustion are defined in the classical sense. 

Ignition delay time is taken to be the time requireo 

for the temperature increase to reach five percent of 

the overall temperature increase: 

Tig' ... To + O.05(Teq - To) ( 1 ) 

When the temperature is less than the ignltion 

temperature, the flow is in the "ignitIon" mooe. 

Otherwise, the flow is in the "combustion" mooc. 

(See Figure 2). 

It will be shown that while an extensive 

chemical package is needed to describe the "ignitlon" 

mode, a smaller package is sufficient to deal wito 

the ·combustion" mode. Evans and schey-nayder 10 

concluded that a 25-reaction scheme involving 12 

species (designated 25(12) herein), was required to 

describe "ignition· processes, while an 8(7) sufflcea 

to deal with the "combustion" mode. The war}, 
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discussed herein describes efforts to minimize the 

computational time requirements once the ·COmbustlon" 

process is initiated (i.e. 8 smaller package or one 

that takes leso computational time than the b(7) 

system might suffice to deal with the ·combustion" 

mode). 

A 37(13) system is used as the -test" 

chemical-kinetic package (Table 1). Any smaller 

system is "tested" against the 37(13) system to see 

if the correct physical chemical behavior is 

preserved. This is accomplished in the following 

way. 

First, the full 37(13) system is run from tne 

initial state to equilibrium. Next, the test system 

is run from the point where the ·combustion" in the 

37(13) system initiates. The test system's initial 

values (pressure, temperature, equivalence ratio ana 

chemical composition) are that of the 37(13) system's 

values at the point of "combustion". Temperature-

time profiles and chemical behavior are compared (see 

Figure 3). If the difference between the 37(13) 

system and the tent system is within an acceptable 
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range, the teat OystCD vill be sufficicnt to deal 

with the ·combustion- proccss. 

Graphs of the maas fraction of the trigger 

species vcrnUG time and ignition temperature versus 

mass fraction of the trigger species at ignition are 

made in accordance with reference 9. The cases from 

the 37(13) system serve as the data base. 

An 8(7) system (Table 2) is tested to confirm 

the results of Evans and Schexnayder. 10. The 

8(7) system is run from the initial state to 

equilibrium to determine if there arc any initial 

conditions where the 8(7) system describes the entlrc 

process (i.e. both ignition and combustion). 

In order to further reduce computalional 

times, a 2(5) global model (Table 3) developed by 

Rogers and Chinitz in reference 11 is tested. The 

method proposed in that p~~er must be altered to 

include the effects of pressure. The Arrhenius 

equation will have the form: 

The values of the paramaters may be different from 

those in reference l' because they are fixed 

- 4-8 
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arbitrarily so that the 2(5) system describes the 

37(13) syntcm. 

Laotly, the so-called ·partial equilibrium" 

assumption of reference 12 is examined in connection 

with an 8(7) system in an effort to minimize 

computational times. The 8(7) mechanism consists of 

the following reactions: 

H2O + 0 .. OH + OH ( 1 ) 

H2O + 8 .. OH + 8 2 (ii ) 

O2 + 8 a OH + 0 (11 i) 

H2 + 0 • 08 + H (1'1) 

------------------------------------------------
H2O + M .. H + OH (v) 

H2 + M r: H + H + Ii (vi) 

O2 + M r: 0 + 0 + M (vii) 

OH + M II 0 + H + M (vlii) 

During the ignition delay period, all eight 

reaction~ playa role; however, in the ·combustion" 

moue, th~ bimoleculac shuffle reactions occur GO 

rapidly in both directions that under some conditlons 

they may be basically in equilibrium. The "partial 

equilibrium" assumption takeu ractions (i)-(iv) to oe 
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in equilibrium (in~initely fast reaction rates), 

while reactions (v)-(viii) continue to occur at a 

finite rate. 

Infinitely fast reaction rates can be app

roximated by assigning very large values to the 

preexponential factor in the forward reaction rate 

constant (e.g. 10 50 ). The backward "'eaction rate 

constant is then very large to satisfy K = kf/kb 
The values of the pree~ponential factors of reaction 

(i) to (iv) are determined so that the system des-

cribes the ·combustion- process. 

To obtain these results, 45 one-dimensional, 

constant pressure, H2-air computations were 

performed .in the ranges: 

0.5 < ¢ < 1.5 

eso < l' <1200 

0.5 < P <1.0 

where ~ is the equivalence ratio, T is the 

temperature in ·R, ~nd p is the pressure in at~os-

pheres. A listing Lf these individual cases is gIven 

in Table 4. Comparison of the computational times 

are then made and recommendations are disCU~6Cd. 

- 50 
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4.3. Results and DiacuDoion 

4.3.1 Summary 

All 4S cases in Table 4, as well as the nine 

cases marked with an er.clnmation point, were 

performed on the 37(13) and 8(7) systems, 

respectively, in both the ignition and combustion 

modes. 1n addition, the 15 cases marked with an 

asterisk were tested on the 8(7) system, the glooal 

model, and the ·partial equilibrium" model starting 

at the ignition point. These 15 cases were selectee 

to encompass the entire range of interest. 

What follows are the results of these test cases. 

First, the results from the 37(13) system includlng 

the ·trigger" concept ar~ presented. Next, the ~(7) 

system in its entirety and in the combustion mode 

alone is discussed. Glotal and partial eq~iliorium 

results in the combustion mode follow. Lastly, 

temperature-time profiles and computational times are 

compared for all four systems. 

4.3.2 The 37(13) System 

4~3.2.1 Temperature-Time Profiles 

45 cases were run to serve as a baS1S 

of comparison for the tent systems described 

Sf 
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previously. Sufficient data points were obtained for 

all cases and each cane yielded a characteristic 

S-shaped curve for the temperature versus time 

profile. For each cane, it was necessary to obtain a 

dOata point at the ignition temperature, defined in 

the classical sense as Si of the temperature rise 

from the initial state to the final equilibrium 

state, in order to set initial conditions for the 

test cases. Problems arose, however, when trying to 

pinpoint the ignition temperature. As a result, 

satisfactory ignition conditions could not be 

calculated for nine cases due to time constraints. 

These cases were omitted from data base and the 

remaining 36 cases are given in Table 5 with 

correspond~ng ignition temperature, time, and mass 

fraction of OH. 

Tables 4 and 5 show that the i~nition delay time 

is a function of initial temperature, pressure, alld 

equivalence ratio. This function is compllcated 

since it is inversely proportional to initial 

temperature, nearly independent of equivalence ratio 

except at low temperatures (850"K and 900·K), 

proportional to pressure at temperatures of 850 D K and 

900"K, and is inversely proportional to pressure at 

temperatures greater than or equal to lOOO·K in the 

ranges studied. These reGults are similar to the 
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resulto reported by Rogers and Schexnayder (reference 

2) in their extensive ntudy which included 6u 

reactions and 20 opecics. Since the results arc 

similar to those of Rogers and Schexnayder, thp. 

37(13) system serves as a good basis for the 

remaining systems to be compared with. 

4.3.2.2 The ·Trigger" Concept 

In order to test systems in the 

·combustion5 
~ode it is necessary to determine when 

the transition to the ·combustion" mode takes place. 

It was to this end that the concept of a "trigyer" 

speciez was first proposed by Chinitz in reference ~. 

The concept involes the tracking of the mass fractlon 

of one of the species. When its value becomes 

greater than a preset value, the system is sald tc be 

in the ·combustion" mode. 

There are several requirements for a species to 

serve as an effective trigger from ignition to 

combustion. The concentration of an effective 

trigger species must be single-valueo (the value cf 

the mass fraction at the igni tion polnt is not agaln 

obtained) and undergo a sufficiently large change 

during the ignition process that its crossover into 

the combustion mode lC unmistakcnble. It was 
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believed that tt.e hydrol:yl radical, OM, would 

serve that purpose. 

Results here confiro the work of reference 9. 

Table 6 and Figure 4 Dhow how the maGS fraction of OM 

varies with time for a representative case (case 

num~er 23). It is easily seen that OH has all the 

requirements to serve as the trigger species. The 

ignition point 1s well-defined and is 

single-valued. 

It is of interest to estimate the tr~~ger point 

for all values of equivalence ratio, pressure, and 

temperature studied. A plot of the ignition 

temperature vs the mass fraction for OH at the 

ignition point is shown in Figure 5. A least-squares 

linear f.: of In Tig is YOHig wa~ determined 

to be 

• 0.085 In YOHig + 7.65 (3) 

This linear relationship predicts values within a 

factor of 2.5 (generally well within) for all 

pressures an~ equivalence ratios examined. This 

provides a large advantase over the non-linear 

relationship. developed in reference 9 which was 

limited to ~n equivalence ratio of 1. With the 

selection oZ a trigger s~ccies whose value can be 

estimated, the test systems can now be examined. 
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4.3.3 The 8(7) System 

4.3.3.1 Ignition and Combustion 

The 8(7) nytDtem vas run from time 

zero to equilibrium for the ninc cases marked with an 

exclamation point in Table 4. Five of these cnses 

(3, 6, 9, 12, IS) represent a oet of constant 

pressure, constnnt equivalence ratio conditions with 

varying initial tempernture. These were selected to 

determine how the initial temperature affects the 

ignition delay time when compared to the 37(13) 

system. The remaining four cases (13, 22, 25, 19) 

were arbitrarily picked in an attempt to see the 

effects of pressure and equivalence ratio. 

Figures 6-10 show a comparison of temperature

time histories for the 37(13) and 8(7) systems for 

cases 3, 6, 9, 12, IS, respectively, in both the 

ignition and combustion modes. Figures 6 and 7 show 

the delay timt to be more than an order of magnitude 

lower for the 8(7) system at low temperature. 

Figures 6-10, however, show that the delay time for 

the 8(7) system is greater than the 37(13) system at 

higher temperatures. It is therefore concluded that 

a transition takes pl~ce between an initial 

temperature of 900· r~ and 1000" K. (It should be noted 

that a ten percent ~ixture of hydrogen in air has an 

ignition teoperaturc of between 893"K and '020~K'3). 
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Figure 11 shows a plot of ignition delay time vs. 

lOOOTo- 1 for the 8(7) ~nd 37(13) systems at a 

presDure of one otcoDphere and an cquivalen~ ratlo 

of 0.5. The tvo curveD creDs at a temperature of 

970·K where their ignition delay times are equal. 

These results imply tnat for any constant 

pressure and constant t} there is a To for which 

the two systems have the same ignition delay tlmc. 

At these conditions, the 8(7) system can descrlce the 

37(13) system in both the igniticn &nd combustion 

modes. It also might be expected that at 

temperatures away from this particular initial 

temperature, the 8(7) system might lag benind or 

proceed ahead of the 37 ( t 3) systetil when tested at 

ignition conditions in ~~e ·combu~tion· mode. 

The remaining four cases all had inltlal 

temperatures at or above lOOO·K. The results of 

these cases were again that the delay time was nlgher 

for the 8(7) system than ~'at of the 37(13) system. 

No significant effects of pressure or equivalence 

ratio were found in these limited case. The B(7) 

system was now tested in the ·combustion- mode wltn a 

focus on the effect of initial temper~ture. 

-



The 15 cases marked with an asterisk 

in Table 4 ~ere run for the 0(7) system in the 

·combuGtion mode.· For all preoBures, temperatures, 

and equivalence ratios studied, the B(7) system hac a 

higher eq'Ji librium temperature than that of the 

37(13) system. This reoult ~as expected in that the 

B(7) system neglects nitrogen dissociation. It was 

also found that for all conditions, the 8(7) system 

lagged behind the 37(13) system after the ignition 

point then equaled and surpassed the 37(13) curve 

(see Figure 12). This result was contrary to the 

expectations of section 4.3.2.1. It was thought tnat 

for Game initial temperatures the 6(7) system woulo 

reach equilibrium more equickly than the 37(13) 

system. This, however, was not the case. 

The amount of lag, however, was found to be a 

function of the relationship between the actual 

ignition temperature and the ignition temperature 

calculated from equation 1 (designated herein as 

·classical" ignition temperature). If the ignltlon 

temperature used (and also all other initial 

conditions) was between the initial temperature and 

the classical ignition temperature; then the 8(7) 

system described the 37(13) sYGtem very well. If the 

temperature used was gre~tcr than the cla~sical 
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ignition temperature, there ¥AS an appreciable lag 

(see Pigure 12). Therefore, as the difference 

between the initial temperoture and ignition 

temperature used increased, the lag became greater. 

No cases were found where the 0(7) system reached 

equilibrium more quickly than the 37(13) system. It 

is concluded, therefore, that ignition temperatures 

lower than the cla~sical ignition temperature should 

be used. It was not determined whnt percent below 

fjve percent should be used. 

4.3.4 The Global Model 

The global model in Table 3 was first 

proposed in reference 11. The reaction rate constant 

for each reaction is adjusted so that the global 

model descr~bes the 37(13) system in the comoustion 

mode. 

Before determining these adjusted rate 

constants, it was useful to observe how varying each 

rate constant affected the temperature-time profile. 

It was ob~erved that increasing Kf4 (the 

subscript 4 refers to the first reaction; subscript 5 

refers to the second reaction using the notation in 

reference 11) slows down the reaction. This was 

referred to as a -lagging- system in the previous 

Dection. Increasing kfS speeds up the reaction. 

Trie system io very sensitive to nn increase or 
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decrease in kf5 While being rather insensitive to 

a variation in kf4 • It vas decided to fix Ni and 

Ei at the same values as in reference 10; namely, 

E4 • 4665 cal/mol 
N4 a -10 

ES a 42,500 cal/mol 
NS a -13 

Due to the insensitivity of the system to 

kf4 , it was also decided that A4 could be 

retained as in reference 11: 

It should be noted that A4 is a function of p only. 

The effect of pressure, which was neglected l~ 

reference 11, was included in the determlnatlon of 

AS· As a result, AS is a (unction of pressure 

and equivalence ratio and has the form AS (P ,p). 

The sensitivity of the syst~m to kfS permitted 

substantial changes to be made to the.temperature 

profiles produced by the global system. 

Table 8 shows the values of A4 and AS 

determined in order to desc:ibe the temperaturc-tlme 

profile required. Figure 13 shows a plot of A4 

(which is independent of prcnsure) vn. p . Figure 14 

shows plots of AS vs. pressure for various ~ 's. 
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As other ~uthors have reported, large discrepancies 

exist between results for equivalcnce ratios less 

than or greater than one. The relationship between 

AS and pressure and cquivalence ratio must be 

broken up into two equations for the ranges studied: 

. For ¢ > 1 . ; --=---- . , (,.4· { 5: 
_ AS =(s.so + 5.S5/~ - 3.67$ - 4.80p - 3.20p/~ + 2.00~'~J~\C) 

For ~ < 1 

A - 0.679-] 5p-O.7 (S.80 + 5.85/¢ - 4.GOp 
5 -

3.20p/4> + 2.00P~)" (6: 

'O~ 

These equations predict values of AS to within 

10% for the ~ 's studied •• 

In all cases, the global mode lags behind the 

37(13) system for a short period following ignition. 

Then the global model equals and exceeds the 37(13) 

system and reaches equilibrium (see Figure 15). The 

equilibrium temperature of the global model should be 

higher than that of the 37(13) system due to 

dissociation. 

This again, however, is controlled by the 

ignition temperature used by the global model. If 

the ignition temperature used is greater than the 

classic"l ignition temperature, then the equilibrlum 

tempernture is leGS than the classical ignition 

temperature. If the ignition temperature is less 
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~an the classicsl, then the equilibrium temperature 

reached is greater than the 37(13) system as 

expected. 

Initial temperature also has an effect on the 

accuracy of the ~lobal model. As the initial 

temperature increases, the difference between the 

global model and the 37(13) system increases. hO 

effect on pressure or equivalence ratio was 

found. 

The global model predicts very well the 

temperature-time profile of the 37(13) system. These 

results, however, show the importance of the ignition 

temperature used. It is suggested that ignition 

temperature be a variable to be tested in future 

work. Nonetheless, the global model shows promise 1n 

accurately reproducing temperature-time profiles wlth 

a minimum of computational time and computer storage 

requirements. 

4.3.5 The ·Partial Equilibrium· Assumption 

The ·partial equilibriuffi a assumption is 

already in use in co~~ustion analysis; however 1ts 

applicability to this present Gt~dy in the ranges of 

interest has not been determined. This assumption 

states that the bimolecular chufning ):'cactions occur 

'" 
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so rapidly that the ere basically in equilibrium. If 

this is the COGe, the kinetics equations can be 

replaced by the algebraic laws o£ cass action as 

discussed in reference 12. Therefore, ~ number of 

partial differential equations are replaced by 

algebraic equations and the remaining partial 

differential equations are simr~ified. If 

appropriate criteria are specified as to when thIs 

assumption is applicable, computer running times WIll 

be greatly ceduced. 

It was to this end that an approximation to tne 

·partial equilibrium· assumption was tried. Insteaa 

of incorporating algebraic equations into the 

computer program, infinitely fast reaction rates 

would be approximated by using extremely large 

numbers (on the order of 10 50 ) for the 

preexponential factor. It was anticipated that thIS 

would sufficiently approx~mate the ·partial 

equilibrium- assumption. 

Substantial numerical difficulties ~rose in 

trying the approximation. First, the largest 

preexponent ial factors thc_ t could be used were of the 

order of 10 24 • Still, this was at least 5 orders 

of magnitude greater th~n any other Freexponentlal 

factors, Next, the precision of the program needed to 

be upgraded t~'O orders of magnitude by adJusting trlC 
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EHAX parameter. Finally, this approach produced 

erroneouB r~oultB ouch as temperaturec e:ceeding the 

equilibrium teDperature when the Gear integration 

procedure was used. The Glower Adams method vas then 

used which gave results ~ich were physically 

plausible. Due to these problems, running times were 

very long. This was not the main concern, however. 

Rather, the primary goal was to test the partial 

equilibrium assumption against the 37(13) system in 

the ranges studied. 

Figures 16-30 show how the approximation to the 

·partial equilibrium· assumption compared to the 

37(13) system. For low temperatures (B50·K, 900·K) 

and for all cases with an equivalence ratio of 0.5, 

the partial equilibrium assumption reproduced the 

37(13) curve well. In the remaining cases, however, 

the assumption did not approximate the profile 

accurately. The shape of the curve was not even 

prese6:'veri. 

It appears that the approach to approxImating 

the ·partial equilibrium- assumption has a narrow 

region of validity; namely, low initial temperatures 

and low equivalence ratios. As stated before, no 

conclusion can be drawn about the assumption itself. 

It is Buggested that future work include the 
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incorporation of G1gebraic laws of mass action into 

the computer pro9r~ to more precioc1y determine the 

vnlidityof the cnnucption. 

4.3.6 Comparison of the Four Systems 

4,3.6.1 Temperature-Time Profiles 

Figures 16-30 show a comparison 

of the 37(13) systems for the 15 cases marked with an 

asterisk in Table 4. The ignition mode of all 15 

cases is that of the 37(13) system which continues in 

the combustion mode. The test systems start at the 

ignition point and reach an equilibrium temperature 

different from the 37(13) system. 

The lag of the 8(7) system is shown in these 

figures. The lag is more a function of the 

relationship between the ignition temperature used 

and the classical ignition temperature than the 

initial temperuture, pressure, or equivalence ratlO. 

The 8(7) system reproduces the temperature-time curve 

very well, as expected. 

The inital lag and eventual higher equilibrium 

temperature of the global model is shown in all 15 

cases. Initial temperature has a substantial effect 

on the accuracy of the global mode. As the initial 

temperature increases, the temperature differences 



between the global model and the 37(13) curves become 

large. Theoe perhaps could be corrected by startlng 

the global model at a different ignition temperature. 

Partial equilibrium curves accurately reproduced 

the temperature-time curves for cases 2, 4, 9, 11, 

IS, lB, 20 and 31. This auggests that the partial 

equilibrium assumption might suffice at lower initial 

temperatures and equivalence ratios. The numerical 

difficulty in obtaining these results ~heds 

uncertainty on this conclusion. 

Figures 31 and 32 represent the results of uSlng 

an ignition temperature higher than the classical one 

to cases 11 and 15, respectively. The H(7) system is 

observed to lag behind the 37(13) system to a greater 

extent than usual. The global model, in fact, has an 

equilibrium temperature which is 200 degrees below 

normal. These figures reinforce the importance in 

the selection of initial conditions for any test 

system. 

4.3.6.2 Computational Time 

Results of the average 

computational times for the various systems are shown 

in Table 9. The global model has the 10l'fest 

computational time as expected, with an average time 

C.s- -
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of approxirnatley 1/0 that of the 37(13) oystem. 

ExceDoive computational time of the partial 

equilibrium oystem waG related to the relatively nigh 

reaction rate constants employed, the use of the 

Adams method rather than the Gear method, and the 

precision Which U~6 required to perform ·partial 

equilibrium" calculations. 
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4.4. Concluoi~ns and Recommendations 

4.4.1 SUflmlary 

A data base, in the ranges of initial 

temperature between 8S0-It and 1200-K, pressure 

between 0.5 and 1.00 atmospheres and equivalence 

ratio between 0.5 and 1.5, was established with the 

37(13) system serving as the basis. Due to the large 

amount of data produced, it is necessary to clarify 

these results. First, these results are summarlzeo. 

Next, conclusions are enumerated. Finally, 

recommendations for future work are given. 

The first part of the work was selecting a gooo 

trigger species. It was concluded that the hydroxyl 

radical, CH, serves as an effective trigger. The 

value of the mass fraction of OH at ignition can oe 

estimated in the ranges studied within a factor of 

2.5 (generally well within) according to equation 

32. 

Next the 8(7) system was studied in the 

·ignition" and ·combustion" modes together and then 

in the "combustion" mode alone. It was concludeo 

that a transition takeG place between an initial 

temperature of 900·K and lOOO·R (at a pressure of one 

atmosphere and an equivalence ratio of 0.5) where the 

ignition delay time of the 8(7) GYGtcm cwitcheG from 

lesG than to 
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greater than the 37(13) system. It was further 

concluded that at an equivalence ratio of 0.5, 

pressure of 1.0 atmosphere and initial tempecature of 

970~30·K the 8(7) system can approximate the 

temperature-time p~ofiles of the 31{13j system in 

both the ignition and combustion modes. It is 

recommended that future work include the 

investigation of conditions where the 8(7) system can 

describe the 37(13) system in both modes. 

In the combustion mode alone, the 8(7) system 

reproduces the temperature-time profiles very well 

for al~ cases studied. The variabi~s which were 

major factors in the accuracy of these p~ofiles were 

the temperatures and species' concentrations used at 

ignition. If the temperature used was less than, but 

close to, the classical ignition temperature, then 

the profiles ~!.,re very accurate. If, however, the 

temperature used was greater ~han the classical 

ignition temperatures, then the 6(7) system lagged 

behind the 37(13) sY5tem somewhat. Future work, 

should include the investigation of this pheno~enon. 

Next, the global model was studied in the 

combustion mode. Preexponential factors were 

determined with a rather large discrepancy between 

results for an equivalence rDtio less than or greater 

than one. For all cases, the global model lags 
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behind the 37(13) syotem initially then exceeds it at 

equilibrium. TVo variables had an effect on the 

accuracy of this codel. First, tile conditions used 

at ignition had a substantial effect on accuracy 

again. A lag was produced by using a temperature 

greater than the classical ignition temperature. 

Secondly, as the initial temperature increases the 

accuracy of the global model decreases. 

Finally, an approximation to the ·partlal 

equilibrium- as~umption was tried. Numerical 

difficulties arose in the execution of this approxl-

mation. Nonetheless, it was concluded that at low 

temperatures and low equivalence ratios the approach 

to ~pproximating the partial equilibrium assumption 

is valid. No conclusions could be drawn about the 

·partial equilibrium- assumption itself. 

Results for the various systems show 

the global model to have the lowest average 

computational time followed by the 8(7) system, the 

37(13) system, and the Upartial equilibrium- model. 

The two-step global model has a computational tlme of 

approximatley 1/8 that of the 37(13) system. 

4.4.2 Conclusions 

The following conclusions can be drawn based on 

the results of this study: 
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(1) The hydro:yl redical, CH, Gerves AS An 

effective trigger species. 

(2) A tranaition takes place between 900·K and 
lOOO·K (at a prCG9Ure of 1 atmosphere and 
an equivalence ratio of 0.5) where the 
ignition delay time of the 0(7) uystem 
Bwitches from leGs than to greater than the 
37(13) system. 

(3) At a pressure of one atmosphere, an 
equivalence ratio of 0.5 and an initial 
temperature of 970~30·K the B(7) system can 
accurately approximate the t~mperature

time profile of the 37(13) system in both 
the ignition and combustior. modes. 

(4) For all cases, the 8(7) system describes 
the 37(13) system very well in the 
combustion mode. 

(5) ~ lag is produc~d in the 8(7) and glObal 
models when using ignition temperatures 

greater than the classical ignitlon 
temperature. 

• 
(6) The global model satisfactorily reprOduces 

the temperature-time profiles of the 37(13) 

system with a minlt:\um of compllt.ltional tlme 
and computer storage requirements. 

(7) As the initial temperature incr~a5es, the 
accuracy of th~ global model decreases. 

(8) No conclusions c~n be drawn concerning the 
·partial equilibrium· assumptlon. 

(9) The approach to approximating the ·p3rtial 
equilibrium" assumption has ~ n3rrow reglon 
of validitYi namely, low initinl 
tempera c.ures and low equi vcllt:nce rat ios. 
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(10) The global codel can approximate the 37(13) 
Gystem vith an average of l/B the 
computational tiDe. 

4.3 Recommendations 

-. _._. Based on the results of this study, the 

... 

following recommendations are made for future work: 

(1) Investigate conditions where the ~(7) 

system can accurately describe both the 
ignition and combustion processes. 

(2) Study the effects of varying ignition 
conditions; namely, above and below the 

classicial ignition temperature. This wIll 
chow the relatIonship between ignition 

conditions and the lag of the system. 

(3) Continue to investigate the two-step glooal 
model as it seems to have the most promise 
in reproducing temperature-time profIles 
with a minimum of computational time. 

(4) Incorporate the algebraic lawG of mass 
action into the computer program to more 
precisely determine the valldi~y of the 
·partial equilibrium" assu~ption. 
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Table 1 - 37 ( 13 ) System 

REACTION 
NUMBER 

1 M + 1*02 • 1*0 + 1-0 
2 M + 1*82 • 1*8 + 1-N 
:t M + 1*020 • l*H + 1-0" 
4 l*H + 1*02 • 1*H02 + f'\ 

5 H + 1*N02 .. l"NO + 1*0 
6 M + l*NO • l*N + 1*0 
7 M + 1*H202 • l"OH + 1*0ti 
e H + 1"'03 II: 1*02 + leu 
9 1*0 + l*H .. 1·0H + H 

10 1*H20 + 1etO • l*OH + l*Ott 
11 1*H2 + l*On • 1*H20 + 1* It 
12 1*02 + l*H .. l"OH + 1*0 
13 1*H2 + 1"0 .. l*OH + 1"" 
14 1*H2 + 1*02 .. l*OH + l*U:t 
15 l*H + 1*H02 .. 1*H2 + 1*0.! 
16 1*H2 + 1*02 .. 1"H20 + 1*0 
17 l*B + 1"H02 a l*OH + lOOti 
18 1*H20 + 1*0 II: l*H + 1 * liO" 
19 1*0 + 1*H02 .. l*OH + l-U~ 

20 l*OH + 1*H02 II: 1*02 + 1-tl~u 

21 1*H2 + 1*H02 g 1*H20 + l-Ott 
22 1*H02 + 1*H2 g l*H + l*h~Ul 

23 1*H202 + l*H .. l*OH + I-tUa 
24 1*H02 + l*OH g 1*0 + l*II~OL 

25 1*H02 + 1*H20 '" l*OH + 1*1120l 
26 1*H02 + 1*H02 • 1*"202 + l-OL 
27 1*0 + 1*03 = 1"02 + Pui 
28 1*03 + l·NO II: 1*N02 + PUL 

·29 1*03 + l*H .. 1"OU + l"'O:.! 
30 1*03 + l*OH a 1*02 + l"HU~ 

31 1*0 + 1*N2 a l*NO + leN 
32 l*H + l*NO .. l"OH + l"N 
33 1*0 + l"NO g 1*02 + l«N 
34 1*N02 + l"H II: l*NO + l-OH 
35 1*N02 + 1*0 so l"NO + l·u..! 
36 1*H02 + l*NO .. 1*20 + 1 &On 

37 1"03 + 1*H02 c 2*02 + l*Otl 

112 is an inert species 

- 1'-. 

. :~ 



TABLE 2 

REACTION 
NUMBER 

. 1 H + 
2 M + 
3 H + 
4 M+O + 
5 H2O + 
6 H2 + 
7 02 -+ 

8 H2 + 

N2 ;s an inert species 

---------_.- ..... . 

8(7) SYSTEM 

02 

H2 
H2O 
H 
0 

OH 
H 

0 

- 13 -

REACTION 

• 0 
.. H 
• H 
.. OH 

• OH 
c H2O 
• OH 
.. OH 

.I • 
~ -.,. . 

+ cr+-~ 

+ H+~ 

+ OH·'" 
+ ~ 

... H 

... H 

+ 0 
.. H 



'l'ABT..E l - 2 STEP GLOBAL HODEL 

Kf4 
HZ + 02 .. Z*OH 

kfS 
2*OH + HZ ~ 2*H20 

NZ is an inert species 

- 14- -

(1) 

(2) 

... 



TABLE ~ - 45 CASES 
CASES ~ p, atm T, K 

1 0.5 0.5 850 
1t 2 0.5 0.75 850 
! 3 O.S 1.0 850 

. 1t 4 O.S 0.5 900 
5 0.5 0.75 900 

! 6 0.5 1.0 900 
7 0.5 0.5 1000 
8 0.5 0.75 1000 

!* 9 0.5 1.0 1000 
10 0.5 0.5 1100 

1t11 0.5 0.75 1100 
!l2 0.5 1.0 1100 
!l3 0.5 0.5 1200 
14 0.5 0.75 1200 

*!15 0.5 1.0 1200 
16 1.0 0.5 850 
17 1.0 0.75 850 

*18 1.0 1.0 850 
19 1.0 0.5 900 

'*20 1.0 0.75 900 
21 1.0 1.0 90~ 

!22 1.0 0.5 1000 
.z3 1.0 0.75 1000 
24 1.0 1.0 1000 

-!25 1.0 0.5 .1100 
26 1.0 0.75 1100 
27 1.0 1.0 1100 

'*28 1.0 0.5 1200 
129 1.0 0.75 1200 
30 1.0 1.0 1200 
~1 1.5 0.5 850 
32 1.5 0.75 850 
33 1.5 1.0 850 
34 1.5 0.5 900 
35 1.5 0.75 900 

"35 1.5 1.0 900 
37 1.5 0.5 1000 

- 1S"' -
-

t,.., ej 



TABLE 4 (Cont. ) 

CASES ~ P, atm T I K 
38 1.5 0.75 1000 

*39 1.5 1.0 1000 
40 1.5 0.5 1100 

*41 1.5 0.75 1100 
42 1.5 1.0 1100 

*43 1.5 0.5 1200 
44 1.5 0.75 1200 
45 1.5 1.0 1200 

- 7(. -



, 
TABLE 5 - 37(13) DATA 

fill. ~ Ti9 Y 
OH';g 

2 918 0.48EO 0.66E-4 
4 961 0.80E-3 0.10£-3 . 5 960 0.13E-2 0.13E-3 . 
6 974 0.l1E-1 0.16E-3 
7 1045 0.21E-3 0.slt-3 
8 1053 0.15E-3 0.60E-3 
9 1024 0.12E-3 0.15£-3 

-11 1160 0.69E-4 0.90£-3 
13 1260 0.60E-4 0.34E-2 
15 1260 0.29E-4 0.22£-2 
18 935 0.46EO 0.19E-3 
19 970 0.76E-3 0.40E-3 
20 985 0.12E-2 0.19E-3 
21 966 0.48E-2 0.10E-3 
22 1027 0.20E-3 0.20E-3 
23 1012 0.14E-: 0.llE-3 
24 1039 0.12E-3 0.19E-3 
25 1170 0.10E-3 0.16E-3 
26 1117 0.60£-4 0.27E-3 
27 1170 0.45£-4 0.90E-3 
28 1275 0.55£-4 0.30£-2 
29 1275 0.38E:-4 0.30E-2 
3D, -- 1270 0.35E-4 0.30E-2 
31 926 O.l1E-l 0.80£-4 
32 892 0.27EO 0.17£-4 
34 934 0.80E-3 0.57£-4 
35 968 0.llE-2 0.llE-3 
36 954 0.35E-2 0.61£-4 
37 1012 0.20E-3 0.67E-4 

. 39.- 1024 0.15E-3 0.llE-3 
39 1052 0.13£-3 0.26E-3 
40 1160 0.10E-3 0.91E-3 
41 1163 0.70£-4 0.91E-3 
42 1160 0.45E-4 0.90E-3 
43 1275 0.59£-4 0.17E-2 
45 1303 0.30E-4 0.29£-2 - 77 



I 

TABLE 6 - TRIGGER SPECIES VB. TIME 

TIME YOH 

0 0 

0.1E-5 n.68E-9 

0.2£-4 0.38E-8 

0.3E-4 0.81E-8 

0.4E-4 0.17E-7 

0.6E-4 0.75E-7 

0.7E-4 0.16E-6 

0.8E-4 0.35E-6 

0.9E-4 0.82E-6 

0.lE-3 0.21E-5 

0.12E-3 0.15E-4 

'*0. 14E-3 0.11E-3 

0.2E-3 0.15E-1 

0.3E-3 0.19E-1 

0.4E-3 0.19E-1 

0.5E-3 0.18E-1 

·0.8E-3 0.17E-1 

'* ignition point 

- lS -
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1100 
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TABLE 7 

COMPARISON OF IGNITION TIMES FOR 37(13) AND 8(7) SYSTH1S 

37(13) Tig (sec) 8(7) ~\C.c.) 

6.7 x 10-1 
1.1 x 10-3 

1.1 x 10-2 
6.6 x 10-4 

1.3 x 10-4 
2.6 x 10-4 

0.5 x 10-4 
1.5 x 10-4 

0.3 x 10-4 
0.7 x 10-4 

-1, -
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TABLE a 
PREEXPONENTIAL PACTORS POR GLOBAL HODEL 

CASE A4 AS 

2 3.8E48 4.IE65 

4 3.8E48 4.4E65 

9 3.8E48 2.3E6b 

11 3.8E48 2.3E65 

15 3.8£48 1.1E65 

18 1.2E48 5.5E64 

20 1.2E48 9.0£64 

23 1.2£48 6.0E64 

25 1.2E48 9.0£64 

28 1.2E48 8.0E64 

31 5.0[47 6.3E64 

35 5.0E47 3.7£54 

39 5.0£47 4.0[64 

41 5.0[47 4.6£64 

43 5.0[47 5.1E64 

- eo -
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SYSTEM 

37(l3} 

8. (7) 

Global 

Partial 

TABLE 9 

COMPARISON OF COMPUTATIONAL TIMES 

AVERAGE 
COMPUTIONAL 

TIME (seconds) 

87.5 

12.3 

11.4 

1258 
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s. APPLICATION OF THE CUAmlAL CODE TO TU!U3ULENT REACTION 
RATE MODELING 

Work has been continuing dealinq with the use of the 

CHARNAL computer code to assess and refine the turbulent reaction 

rate model discussed in previous status reports. At this time, 

three experiments are being examined using the code: (1) the 

Beach experiment (initial results are contained in a forthcoming 

NASA T.M); (2) the Kent and Bilger experiment (see fig. 1); 

(3) the Northam experiment (see fig. 1). Some preliminary results 

obtained using the code in its non-finite-rate reaction modes 

are shown in figs. 2 - 5. In fig. 2, the experimental axial center

line temperature profile is shown along with CHARNAL results run 

as free jet with specified axial pressure gradient. As can be 

seen, the assumption of complete reaction results in too rapid a 

temperature increase and too high a maximum temperature. The 

eddy breakup assumption produces opposite results, indicating too 

slow a reaction rate. For purposes of comparison, the results 

. of Edelman and Harsha (ref. 1) are shown and are seen to be relatively 

poor. 

~~en the complete reaction and eddy breakup models are 

run assuming a confined jet, wherein the axial pressure gradient is 

computed by the code, both tend to lead to too rapid a temperature 

rise (fig. 3); however, in both cases, the predicted maximum tempera-

ture is only slightly too high. We plan to run this same case 

employing "turbulent" kinetics using the model developed under this 

grant. 
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Preliminary rcsulto for the ~ortharo experiment are in 

figs. 4 and S. Computer calculation5 involving this experiment 

will be made in close coordination with HPB personnel. 

REFE~NCE FOR SECTION 5 

1. Ed~lman, R. B. and Harsha, P. T., "Laminar and Turbulent 
Gas Dynamics in Combustors - Current Status", Prog. Energy 
Combust. Sci., vol. 4, pp. 1 - 62 • 
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